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Abstract

Relevance. The diffusion of hydrogen in metals has received a lot of attention and has been the subject of intensive
training in recent decades, this is due to the practical interest in using the metal-hydrogen system for a number
of technological applications, including the creation of radiation-resistant materials and filters for producing pure
hydrogen, for using gas H as a secondary energy carrier, and fusion reactor technology. H diffusion in Fe alloys is very
important because this leads to engineering problems associated with hydrogen embrittlement and degradation of
high strength steels, reactor materials, etc.

Purpose. The aim of the present work is to study the mechanism of hydrogen atom diffusion in the crystal lattice
of metals using the statistical thermodynamics method and to calculate the extended diffusion equation and the
pre-exponential factor for the corresponding Arrhenius equation.

Methods. The propose to use statistical model expressions the pre-exponential factor and the jump frequency for
a more accurate calculation of the hydrogen diffusion in molecular dynamics (MD) and centroid path-integral molecular
dynamics (CMD).

Results. Our approach based on the first principles of a statistical model makes it possible coherently describing the
temperature dependence of the diffusion coefficient H in a-Fe in a wide temperature range from 100 to 1000 K.
The values of the activation energy and the pre-exponential factor of the over-barrier diffusion of hydrogen in a-Fe, Pd,
Ag, Al, Ni and y-Fe, obtained in the present work, are good consistent with the experimental data.

Conclusions. The results show that statistical effects play a decisive role in the H migration process both at ambient
temperature and at higher temperatures. The statistical model makes it possible to explain the high values of the
pre-exponential diffusion factor at high temperatures due to the T*coefficient
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Introduction

The diffusion of hydrogen in metals has received a lot of
attention and has been the subject of intensive training
in recent decades. First, this is due to the practical inter-
est in using the metal — hydrogen system for a number of
technological applications, including the creation of ra-
diation-resistant materials and filters for producing pure
hydrogen, for using gas H as a secondary energy carrier,
and fusion reactor technology [1; 2]. Secondly, it is caused
by the undesirable effect of hydrogen on the properties of
materials (embrittlement, corrosion, crack propagation) [3;
4]. In particular, H diffusion in Fe and Fe alloys is very
important because this leads to engineering problems asso-
ciated with hydrogen embrittlement and degradation of
high strength steels, reactor materials, etc. [5; 6].
Hydrogen atoms have a unique low mass and size
in comparison with other interstitial atoms in metals, and
for this reason they have an extremely high diffusion mo-
bility [7-9]. The diffusion coefficients of hydrogen in solid
metals are almost the same as in liquids. This function, in
addition to the small size and mass of the hydrogen atom,
is also associated with the dissociation of the hydrogen
molecule into individual atoms when it enters the metal [9;
10]. In metal crystals, hydrogen atoms are in interstitials
and in the diffusion process they pass from one interstitial
site to another. In FCC lattice, hydrogen can occupy two
typesofinterstitial sites: octahedral and tetrahedral. At the
present time, the question of the mechanism of hydrogen
diffusion in the crystal lattice of metals remains. Even in a
pure crystal, transitions between interstitials of different
types are possible, which entails, in particular, the ambiguity
of the activation energy of hydrogen diffusion. In addition,
as noted in [7], the redistribution of hydrogen atoms in in-
terstitial sites of various types due to changes in external
conditions, for example, deformation, can lead to a change
in the diffusion parameters. It should be noted that other
factors may also lead to deviations from the Arrhenius law,
in particular, the possibility of diffusion jumps of different
lengths and the effect of crystal lattice defects [1; 5]. This
high diffusion mobility is thought to be the result of a very
low activation energy due to the quantum nature of H [11].
Although there has been a significant amount of
experimental research on the diffusion of hydrogen [12-15],
very little reliable data available, especially on the distribu-
tion at temperatures below room temperature. First prin-
ciples calculations and classical approaches molecular
mechanics has been used to study hydrogen adsorption,
absorption, dissolution and diffusion energy in the case
of body-centered cubic (bcc) Fe in several papers [16-20].

Theoretical aspects of hydrogen diffusion in metals

It is assumed that modern ab initio modeling will provide
a good description of the geometry, energy, and potential
energy surface in Fe-H systems. However, as far as we know,
there is no systematic derivation of the diffusion coeffi-
cients for which quantum-statistical effects are taken into
account in a wide temperature range [11]. The use of such
calculations is important for understanding the possible
mechanisms of hydrogen diffusion in metalls.

The aim of the present work is to study the mechanism
of hydrogen atom diffusion in the crystal lattice of metals
using the statistical thermodynamics method and to cal-
culate the extended diffusion equation and the pre-expo-
nential factor in the corresponding Arrhenius equation.

Teoretical Framework

The classical atomic theory of diffusion gives an expression
for the diffusion coefficient self-diffusion. In early works on
the statistical theory Ya.l. Frenkel and his followers, the
dependence of the diffusion coefficient on the square of the
distance between two atomic positions was obtained [21-
24]. This expression for the diffusion coefficient is also
commonly used in modern molecular dynamics [11; 25].
However, due to a significant discrepancy between the cal-
culated and experimental data, even in these classical works,
additional parameters were introduced to calculate the
diffusion coefficients. At the same time, it is well known,
that the main driving forces of diffusion in non-equilibrium
thermodynamics are the gradients of chemical potentials
u, of the components of the system [24; 26]. This position
should be taken into account when deriving equations for
the diffusion coefficient. However, it is very difficult to in-
troduce chemical potentials into the diffusion equations
in the atomic statistical model.

In solid state physics for the analysis of multicom-
ponent systems — solid solutions, etc. — long and widely
used methods of statistical physics [26; 27], in particular,
thermodynamics. In statistical thermodynamics, equations
describing thermionic emission have long been known [26;
27]. To describe the diffusion of atoms in the crystal lattice
of a metal in work [28] was developed the statistical model,
previously well used for the description of thermionic emis-
sion. Large attractive forces hold atoms in the crystal lattice
of a metal; therefore, the potential energy of moving, i.e.
diffusing atoms is greater than the potential energy of the
atoms of the crystal lattice by the value of U — the activation
energy of the diffusion process. Was can select out in a unit
volume of metal } a unit surface perpendicular to the
x axis (Fig. D:
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Figure 1. Scheme of diffusion in the statistical atomic model

Source: [24; 28]

The total flux of diffusing atoms in the positive di-
rection of the x-axis is equal to the difference in the flux
I, (from the plane x — d/2 to the plane x + d/2) and /,, (in
the opposite direction) [24]. The diffusion flux /,, is deter-
mined by the number of metal atoms or impurities passing
through a unit of surface per unit of time. The number of
diffusing atom in each state is determined by the Boltzmann
distribution [26]:

1
N; =
exp((e; — w)/kT)
where 7 - temperature, u is the chemical potential of dif-
fusing atoms, k — Boltzmann’s constant.

Having performed calculations for the diffusion

flux of atoms, similar to the calculations of the thermionic

emission current [26; 27], was find the diffusion flux I,in
the direction of the x axis:

©)

2mmk?T?
0=

e~ (U=u1)/KT 2
where , is the chemical potential of diffusing atoms on
the side of plane 7 (Fig. 1), # — Plank constant.

Similarly, was find the diffusion flux /,, where w,
is the chemical potential of diffusing atoms on the side of
plane II. The total diffusion flux is equal to:

2mrmk?T? _w

Te‘ﬁ(l —exp(Au/kT)) (3

where p, is the chemical potential of diffusing atoms on
the side of plane IT, w=U-u,, Au=p,—, Chemical potential
of diffusing atoms on the side of plane I is taken as the base.

Equation (3) is the most general formula of the sta-
tistical model for the diffusion flux of atoms in the crystal
lattice [28]. If the diffusion of an element occurs from one

Ic=1,—1; =

phase to another, the chemical potentials of which differ

sharply, then it is the exact expression (8) that should be

used. If we consider the diffusion of atoms in the single-

phase region, then the difference of their chemical potential

at the interplanar distance d:|Ap|<<kT, then exp(AwkT)~=

~1+AwKT. According to the average theorem, can find:
ou

_ 2mmkTd o-wyir OF
h3 ox
It is the statistical equation of atoms diffusion in a
crystal lattice of a metal. It directly shows that the diffu-
sion flux of atoms directly depends on the gradient of the
chemical potential, as it should be in a consistent ther-
modynamic theory [24; 27]. In this case, equation (4) is
the limiting case of equation (3) of the simple statistical
model. Using equation (4) allows us to calculate ab initio
the preexponential factor of atoms diffusion in a crystal
lattice of a metal [28]. If we further consider the ideal solid
solution of the atoms of a substance in a metal, then we can
write the following expression [24]:

ou kTac

6x=75

(C))

Ic

u=p,(T)+kTInC, whence (5)

Substituting expression (5) into (4), we find, that
the diffusion koefficent in our case is equal:
2mmk?T?d
D=————e O
h3

and preexponential factor after transformations is [28]:

~Wo/kT, W, = U~

D - 2nN2my k?*T?d

o h3Np
where N is the Avogadro number (mol™); N, is the atomic
number of the element (1 for H); m_ is the atomic mass
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unit (H); p is the metall density (g cm™®).

Expression (6) of the developed statistical model
significantly differs from the expressions obtained in classical
atomic models [16-20]. The interplanar distance d enters
into this expression in the first degree. But this formula
assumes the dependence of D, on the square of the atomic
number of the diffusing element and the square of the dif-
fusion temperature. If we compare expression (6) with the

classical formula for the diffusion coefficient [16-20]:
D=A» (©)

where A is the length of a single jump of an atom during

diffusion, v is the jump frequency, and in formula (6) we
put that d=A, then for the jump frequency we can find:
2mmk?T?

h3ANp €

We propose to use this expressions (7) and (9) for

a more accurate calculation of the hydrogen diffusion

~Wy /KT Q)

v =
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coefficients in molecular dynamics (MD) and centroid
path-integral molecular dynamics (CMD) [11]. The param-
eters, calculated in this way, can be called the parameters
of the statistical model (SM). The classical expressions for
calculating diffusion coefficients does not take into ac-
count the Boltzmann distribution of diffusing particles in
energy. Therefor the parameters of the statistical model
should be used to compare and evaluate the accuracy of
both models — MD and CMD.

Results and Discussion

The hydrogen diffusion in a-iron

Let us perform the appropriate calculations for the diffu-
sion of hydrogen in iron and compare them with the ex-
perimental data given in [11; 15]. It was shown in [11] that
the diffusion of hydrogen in a-iron at high temperatures
deviates from the Arrhenius equation, which is an addi-
tional indication of the dependence of DO on the diffusion
temperature (Fig. 2).
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Figure 2. Diffusion coefficients of H in Fe in the temperature range 250-1000 K.
The solid triangles represent the CMD results

Source: [11]

Due to the low solubility of H in Fe, it is necessary to
carry out experiments at low concentrations of H (<1 ppm
under ambient conditions), therefore, even in the case of
pure Fe, the experimental information on the diffusion
coefficient of H is unreliable compared to the H diffusion
in other BCC metals (V, Nb, Ta, etc.) [11].

In the developed statistical model (SM) pre-expo-
nential factor (D) we can calculate by the formula [28]:

(10)

p
This formula describes well the deviation of the hy-
drogen diffusion coefficient from the Arrhenius law (Fig. 2).

A
Dy =114-—-T?*cm?/S

Table 1. Calculated values for diffusion coefficients (D in 10-*m? s™') of H in a-Fe, together with experimental values

T=300K T=1000 K

Calc. (Classical MD)
(Ref. 11) 0.29 2.39
Calc. (CMD

(Re; 1) ) 0.83 2.37

Calc. (SM) 0.85 2.78
Expt. (Ref. 15) - 2.86P
Expt. (Ref. 29) 0.872 2.63°
Expt. (Ref. 30) 0.74* 2.45P

Note: *At 293 K, "PAt 973 K

The results of the molecular dynamics calculations
are comparable with the experimental data given in

works [11; 15; 29; 30] (Table 1). We can see, that the present
SM approach is valid for predicting the absolute values of
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the diffusion coefficients both below and above the tem-
perature of 500 K. In several experimental studies, the E,
values were practically estimated by the slope of the InD
versus 1/T plot between 300 K and 1000 K [29-31], as listed
in Table 2. To compare with these results, we estimate the

D values based on SM approximation by formula (6) in
the temperature range 300-1000 K; the obtained value of
E_0.057 eV shows good agreement with experimental and
calculated data in the range 0.035-0.081 eV [11; 29-31].

Table 2. Calculated values for an activation energy (E,) and a preexponential factor (D,) of H diffusivity
in a-Fe in the temperature range of 300-1000 K, together with experimental values

E_(eV) D, (10-* m?s)

Calc. (gszsii?l MD) 0.081 5.02
ca(lrc(é ;Cll\/IDD) 0.037 3.23
Calgoési(l\;l) 0.040 4.40

@53 300 97910 00 =

Also, the values of the SM preexponential factor (D)
are in good agreement with the experimental data [29-31].
Since the classical limit of the migration barrier E_on a given
potential energy surface is set at 0.088 eV, the apparent E
decreases by 60%, when quantum effects are taken into ac-
count [11]. Our approach based on the first principles of a
statistical model makes it possible to coherently describe
the temperature dependence of the diffusion coefficient H
in a-Fe in a wide temperature range from 100 to 1000 K. In
particular, at values above 500 K, a clear non-Arrhenius
behavior is observed, which arises with allowance for
quantum-statistical effects. The results show that statistical
effects play a decisive role in the H migration process both
at ambient temperature and at higher temperatures.

The hydrogen diffusion in crystal lattice of FCC metals

In metal crystals, hydrogen atoms are in interstitials and
in the diffusion process they pass from one interstitial site
to another. In FCC lattice, hydrogen can occupy two types
of interstitial sites: octahedral and tetrahedral [9]. At the
present time, the question of the mechanism of hydrogen
diffusion in the crystal lattice of metals remains. Even in a
pure crystal, transitions between interstitials of different
types are possible, which entails, in particular, the ambiguity
of the activation energy of hydrogen diffusion. In addition,

as noted in [9], the redistribution of hydrogen atoms in
interstitial sites of various types due to changes in external
conditions, for example, deformation, can lead to a change
in the diffusion parameters. It should be noted that in the
statistical model the calculations of the diffusion coeffi-
cients fundamentally lead to deviations from the Arrhe-
nius law. This possibility is also shown in other models in
particular, the possibility of diffusion jumps of different
lengths and the effect of crystal lattice defects [12; 13].

Shown in Figure 3 are possible migration trajectories
of a hydrogen atom from one interstitial into the other.
Dots on the trajectories are the positions of the hydrogen
atom where it possesses the maximum potential energy in
the course of migration. When moving between the octa-
hedral pores along a straight-line path (trajectory 1), as is
evident in Figure 3, it bumps into a relatively high energy
barrier — in the point on the trajectory between two metal
atoms along <110>. Trajectory 2 — migration of a hydro-
gen atom from one octahedral pore into the other across
a tetrahedral pore. The migration of hydrogen atoms on
trajectory 2 consists of two elementary stages: hydrogen
migration from an octahedral pore to a tetrahedral one,
and from a tetrahedral into an octahedral pore. As can be
seen in Figure 3, at every stage the path and energy barrier
smaller than in the first case [9].

Figure 3. Two possible trajectories of migration of a hydrogen atom from one octahedral pore into the adjacent pore: in
a straight line along <110> (1) and across a tetrahedral pore (2). Position of the octahedral pores is indicated by rhombus

Source: [9]



Mechanism 1 seems less possible than mechanism 2
due to the lower height and relative closeness of the energy
barrier corresponding to trajectory 2. However it should
be taken into account that, firstly, the equilibrium distance
between the metal and hydrogen atoms is much less than
that between metal atoms (about one and a half times [15]).
Secondly, as a result of the thermal oscillations of atoms,
the barrier ratio can vary, due to which the probability of
realization of the mechanism 1 is nonzero.

Theoretical aspects of hydrogen diffusion in metals

Shown in Figure 4 are the curves InD(T ) obtained
in the work [9] for considered systems Pd-H, Ni-H, Ag-H,
Al-H. For the indicated scale on the y-axis, D should be
taken in units of mm?/s (author's note). These curves
show a significant deviation from linearity and a significant
scatter of values from the experimental data used in the
work [9]. This nonlinearity can be explained by fundamental
deviations from the Arrhenius law according to the developed
statistical model.

% -12

—

14 .

-16 4

Ag

05 07 09

11 13 15 17 19 21

109T (K1)

Figure 4. Dependences of InD on T ~* obtained by simulation of hydrogen diffusion in metals Pd, Ni, Ag, Al . The
asterisk denotes metals forwhich potentials from [15] were used

Source: [9]

Table 3 lists the values of activation energy and
pre-exponential factors estimated in the work [9] and SM
and also, for comparison, data from the directory [32].

As can be seen from the table, the values of the
activation energy and the pre-exponential factor of the
over-barrier diffusion of hydrogen in Pd, Ag, Al, Ni and

v-Fe, obtained in the present work, are better consistent
with the experimental data, than the calculations in [9].
The statistical model makes it possible to explain the high
values of the preexponential diffusion factor at high
temperatures (~107 m?s™ — 10° m?™) due to the coeffi-
cient T2

Table 3. The migration energy and the pre-exponential factor for hydrogen diffusion

Metals

in the considered metals obtained using the dynamic method [9] and SM

Parameters A8 & & = s
Ca(lj‘;'m(ée\g 9 0.06 008 023 0.34 -
gﬂ;}gsﬁﬁ% 41 8.1 9.2 15.1 -
C;T(S};’“ 0.30 038 024 0.45 037
Dfall:)g ((Isnlles)l) 26 6.8 23 3.2 3.5
EXP;“(ée\g 32) 0.32-0.35 %34% 021-0.27  0.35-0.46 0.35-0.37
iﬁpltd—g({is?)) 8.6-11.2 10-25  1.7-5.3 2.57.9 2,937

Note: At 1200 K, "At 900 K

Conclusions

Thus, a simple statistical model of the diffusion of impurity
atoms in the crystal lattice of metals is developed in the
article. The relationship between the diffusion flux of atoms
and the gradient of their chemical potential, as required
by nonequilibrium thermodynamics, is obtained from the

basic principles of statistical thermodynamics. We propose
to use statistical model expressions the preexponential factor
and the jump frequency for a more accurate calculation of
the hydrogen diffusion in molecular dynamics (MD) and
centroid path-integral molecular dynamics (CMD). The
calculations performed are compared with the known
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experimental data on the diffusion of hydrogen atoms in
a-iron with a fairly good agreement between the results.
Deviations from the Arrhenius law at high temperatures
can also be explained by the proposed statistical model.
Our approach based on the first principles of a statistical
model makes it possible to coherently describe the tem-
perature dependence of the diffusion coefficient H in
a-Fe in a wide temperature range from 100 to 1000 K. In
particular, at values above 500 K, a clear non-Arrhenius
behavior is observed, which arises with allowance for
quantum-statistical effects. The results show that statistical
effects play a decisive role in the H migration process both
at ambient temperature and at higher temperatures.

The values of the activation energy and the pre-expo-
nential factor of the over-barrier diffusion of hydrogen in Pd,
Ag, Al, Ni and y-Fe, obtained in the present work, are better
consistent with the experimental data, than the calculations
in other works. The statistical model makes it possible to ex-
plain the high values of the preexponential diffusion factor at
high temperatures (~107 m* s™- 10° m? s™) due to the coeffi-
cient T2 Undoubtedly, this model does not take into account
many specific factors affecting the diffusion parameters of
atoms in a metal, such as the interaction of impurity atoms
and metal, the presence of vacancies, quantum tunneling at
low temperatures, etc. Further development of this model
will allow taking into account the influence of these factors.
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TeoperuyHi acriekty Andy3ii BOAHIO B MeTaIax

Cepriii Bosioaumuposud bo6ups

[HCTUTYT YOopHOI MeTayprii imeHi 3.1. HekpacoBa HailioHanbHOi akazemii Hayk YKpaiHu
49050, 1. Akagemika Ctapozay6osa, 1, M. JIHinpo, Ykpaina

AHoTania

AxTtyanbHicTb. [ludysii BoAHIO B MeTalax IPUALIEHO 6araTo yBard i B OCTaHHI JECATUIITTA GYJIO MpeIMETOM
iHTeHCHBHOT'O HaBUYaHHA, IO MIOB’A3aHO 3 NMPAKTUYHUM iHTEpeCcoM [0 BUKOPHCTaHHA CUCTEMU MeTal-BOJEHb i
HU3KHU TeXHOJIOT{YHUX 3aCTOCYBaHb, 30KpeMa CTBOPEHHS paZiallifHO-CTIHKUX MaTepiaiB Ta GiIbTPiB 11 OTPUMAaHHSA
YHCTOrO BOJHIO, BUKOPHCTaHHA ra3y H K BTOPUHHOTO €HeproHoCif Ta B peakTopax TepMosiziepHoro cuHTesy. Judysia H
B cIuiaBax Fe € fy»xe BayKIMBOIO, OCKLTBKY 11e TPU3BOJUTH JI0 iHXKEHEPHUX MPOoOJIeM, MOB’SI3aHUX i3 BOZHEBOIO KPUXKICTIO
Ta flerpajalli€lo BUCOKOMIIIHUX cTajel, MaTepialiB peaKTOPiB TOILO.

Meta. MeToto 1iei poboTH € AOCHiKeHH MeXaHi3aMy Audy3ii aToMiB BOAHIO B KPUCTAMIUHIN PEUIiTIi MeTaliB
MEeTOZOM CTaTHCTUYHOI TePMOJMHAMIKY Ta PO3PAXyHOK PO3LUIMPEHOro PiBHAHHA AUQY3ii Ta IepeeKCIIOHeHIiaTbHOTO
MHO>KHUKA /I BiIIIOBIIHOTO PiBHAHHA AppeHiyca.

MeToau. /ljist 6UIbII TOYHOTO PO3PaXYHKY Audy3il BOAHIO B MOJIEKY/IApHil AuHamiri (MD) Ta eHTpOiAHiH iHTerpaibHiit
MoJieKyasApHiK auHamini (CMD) 6y/0 3ampoloHOBAaHO BUKOPHCTOBYBATH CTAaTUCTUYHI MOJENbHI BUpasu st
repezieKCIIOHEHITiaIbHOTO KoedillieHTy Ta YaCTOTH CTPUOKIB aTOMIB.

PesysbTaTh. ABTOPCHKUH Ii/IXi/l, 3aCHOBAHUH Ha ITepIINX IPUHIUIIAX CTATUCTUIHOI MOZIeTi, 1[0 ZIa€ 3MOTY aleKBaTHO
OTKCaTH TEMIIEPATYPHY 3aIEXKHICTh KoedittieHTa qudysii H B o-Fe y mupokomMy gianaszoHi Temmepatyp Big 100 o 1000 K.
3HavyeHHs eHepril akTUBAIlil Ta IepeJeKCIIOHeHIiabHOTo KoedillieHTa Hagbap’epHoi Andys3ii BogHio B o-Fe, Pd, Ag,
Al, Ni ta y-Fe, orpuMaHti B 11i#1 po60Ti, 106pe y3rOAKYIOThCS 3 eKCIIEpUMEHTATbHUMY JaHUMHU.

BucHOBKH. Pe3ysnbTaTy MOKa3yloTh, 10 CTATUCTUYHI edeKTH BiZirpaloTh BUpilIasbHYy posib y mpolieci mirparii H
AK 3a TeMIlepaTypyu HaBKOJIWIIHBOTO CEPEZOBUIIA, TaK i 32 OLIBII BUCOKMX TeMiepaTyp. CTaTUCTUYHA MOJENb JJa€
3MOT'y OSICHUTH BUCOKi 3HaueHH: KoedillieHTa Iepe/ieKCIIoHeHITianbHOI Andy3ii 3a BUCOKUX TEMIIEPATYP 32 PaXyHOK
koedimieHnTta T?

KitouoBi ciioBa: craTucTryHa MO/IeNb, IMdy3is BOAHIO, TepeIeKCIIOHEHIiHI KoeillieHT, MOoJIeKyIsIpHa [UHAMIKa,
€Hepris aKTUBaIlii, 9acToTa CTPUOKIB



